Difficulties of drug delivery across the blood-brain barrier (BBB) and failure to eliminate cancer stem cells (CSCs) are believed to be the major causes of tumor recurrences in children with medulloblastoma (MB). Seneca Valley virus-001 (SVV-001) is a naturally occurring oncolytic picornavirus that can be systemically administered. Here, we report its antitumor activities against MB cells in a panel of 10 primary tumor-based orthotopic xenograft mouse models. We found that SVV-001 killed the primary cultured xenograft cells, infected and replicated in tumor cells expressing CSC surface marker CD133, and eliminated tumor cells capable of forming neurospheres in vitro in 5 of the 10 xenograft models. We confirmed that SVV-001 could pass through BBB in vivo. A single i.v. injection of SVV-001 in 2 anaplastic MB models led to widespread infection of the preformed intracerebellar (ICb) xenografts, resulting in significant increase in survival (2.2 -5.9-fold) in both models and complete elimination of ICb xenografts in 8 of the 10 long-term survivors. Mechanistically, we showed that the intracellular replication of SVV-001 is mediated through a subverted autophagy that is different from the bona fide autophagic process induced by rapamycin. Our data suggest that SVV-001 is well suited for MB treatment. This work expands the current views in the oncolytic therapy field regarding the utility of oncolytic viruses in simultaneous targeting of stem and nonstem tumor cells.
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Keywords: cancer stem cells, medulloblastoma, oncolytic virus, orthotopic xenograft. M edulloblastoma (MB) is the most common malignant brain tumor in children. Despite multimodal therapies, approximately 30% of children with MB experience tumor recurrence, and 5-year survival remains less than 10% in these patients with recurrent MB. No promising new treatment is on the horizon. 1 Invasive/metastatic growth (particularly in the anaplastic subtype of MB) and the difficulties of effective drug delivery through the blood -brain barrier (BBB) have long been the challenges of MB therapy. Recently, a new hypothesis has been proposed to explain the treatment failure and tumor recurrence in human cancers. According to this hypothesis, a small population of tumor cells, often designated as "tumorinitiating cells" or "cancer stem cells (CSCs)," are inherently resistant to existing therapies and possess exclusive self-renewal capacity to reinitiate tumor growth after treatment. 2 -7 Indeed, enhanced resistance to chemo-and radiotherapy has been demonstrated in human glioma CSCs and breast CSCs. 8 -11 Elimination of CSCs is therefore necessary for the cure of human cancers. 12, 13 However, direct targeting of stem cellrelated signaling pathways may have the risk of harming normal stem cells, because many critical biological features of CSCs, including self-renewal, quiescence, and high levels of drug efflux proteins, are shared with normal stem cells. 14, 15 Furthermore, CSCs constitute only a minor population of tumor cells. To maximize therapeutic efficacy, it is highly desired for new therapeutic strategies to eliminate both CSCs and nonstem tumor cells.
The use of oncolytic viruses presents an attractive approach for treating human cancers, including targeting CSCs. 16 -20 Many oncolytic viruses possess cellspecific tropism that enables them to selectively attack cancer cells, including MBs. 19, 21 They enter cells through infection and can target both proliferative and quiescent cells. They may therefore be able to evade the defense mechanisms of CSCs. 12, 21, 22 One additional advantage of the replication-competent oncolytic virus is that viral replication leads to oncolytic death of the cells, releasing thousands of virions that can infect and kill additional tumor cells. 23 Several oncolytic viruses have displayed cell-killing activities against human CSCs, 20 including the effective killing of glioblastoma CSCs and breast cancer -initiating CD44 +
CD24
2/low cells with oncolytic adenoviruses and herpes simplex virus, 12, 24, 25 and the targeting of breast CSCs with oncolytic reovirus. 23 Many of the viruses tested, however, often require intratumoral injections, which may have suboptimal tumor distribution. Efforts are thus being made to develop oncolytic virus that can be systemically administered, such as oncolytic poxviruses and including vaccinia virus. 26, 27 The Seneca Valley virus-001 (SVV-001) is a native single-strand RNA virus that belongs to the family Picornaviridae. 28 -31 It replicates only in the cytoplasm and does not integrate into the host genome. SVV-001 is not a human pathogen and has not been associated with diseases in mice and rats. 29 Furthermore, SVV-001 can be administered systemically, as the virus is not inhibited by any component of human blood, and pre-existing neutralizing antibodies against SVV-001 are rare in humans. It has displayed antitumor activities in tumors with neuroendocrine properties and killed metastatic retinoblastoma cells. 29, 32 Its effects on CSCs and its mechanism of intracellular replication, however, remain elusive.
The current study was therefore set to determine if SVV-001 can infect and kill MB cells, including the differentiated tumor cells, the cells expressing known CSC marker CD133, and the cells possessing the self-renewal capabilities in vitro; and if i.v. injected SVV-001 can pass through the BBB to eliminate the preformed orthotropic xenograft tumors to significantly prolong animal survival times. Since the intracellular replication of SVV-001 plays a role in oncolytic cell lysis and contributes to the enhanced or "amplified" cell killing by infecting additional tumor cells, we examined whether such intracellular replication is mediated by the activation of autophagy. Recognizing that the traditional cell lines may not faithfully replicate the biology of the originating tumor and well preserve the tumor stem cells, 33, 34 we utilized 10 primary tumor-based orthotopic xenograft mouse models of MB as our source of CSCs. These models were established through direct injection of fresh surgical specimens into the cerebellum of RAG2/severe combined immunodeficiency (SCID) mice and are shown to have replicated the biology of the original patient tumors and preserved CD133 + CSC pools. 35 
Materials and Methods
The Virus SVV-001 (1 × 10 14 viral particle [vp]/mL) and the genetically engineered SVV-green fluorescent protein (GFP; 1 × 10 12 vp/mL) were obtained from Neotropix. 28, 29, 31 SVV-GFP has identical tropism and infectivity as the parent SVV-001 but with reduced cell lysis activities. The median tissue culture infectious dose (TCID50) of SVV-001, the amount of SVV-001 that will produce pathological changes in 50% of cell cultures on the permissive cell line (per.c6), was 2.12 × 10 12 /mL. For in vitro treatment, SVV-001 and SVV-GFP were diluted into serum-based Dulbecco's modified Eagle's medium for primary cultured cells and serum-free CSC growth medium containing epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) for CD133 + cells and neurospheres. For in vivo treatment, SVV-001 was diluted with phosphate buffered saline and administered through a single tail vein injection.
Primary Tumor-Based Orthotopic Xenograft Mouse Models
The Rag2 SCID mice, aged 5-7 weeks, were bred and housed in a specific pathogen-free animal facility at Texas Children's Hospital in Houston. All the experiments were conducted using an Institutional Animal Care and Use Committee -approved protocol. Ten transplantable orthotopic xenograft mouse models of MB established by direct injection of fresh surgical specimens into mouse cerebella were included ( Table 1) . Eight of them have been reported previously. 35 These models are shown to have replicated the histopathological, genetic, and invasive/metastatic features of patient tumors and preserved the CD133 + MB stem cell pool.
Cell Viability and Cytotoxicity Assay
Primary cultured xenograft cells were seeded in 96-well plates in quadruplicate with or without SVV-001 at a multiplicity of infection (MOI) of 0.3 -66. Cell viability was checked with Cell-Counting Kit-8 (CCK8; Dojindo Molecular Technologies), a "mix-and-measure" cell-counting assay, as we described previously. 36 To visualize viable tumor cells, we added 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to the culture medium 3 hours before microscopy and photography.
Fluorescence-Activated Cell Sorting of CD133 + and CD133
2 MB cells CD133 + MB cells were labeled with phycoerythrin (PE)-conjugated monoclonal antibodies against human CD133 (CD133/2-PE, Milteny Bio) at 48C for 10 minutes per manufacturer's instructions, as we described previously. 35 Cells were then washed and resuspended in a stem cell growth medium consisting of Neurobasal media (Invitrogen), N2 and B27 supplements (0.5× each; Invitrogen), human recombinant bFGF and EGF (50 ng/mL each; R&D Systems), 34 penicillin G, and streptomycin sulfate (1:100; GIBCO-Invitrogen).
CD133
+ and CD133 2 cells were then flow-sorted with Cytomation MoFlo (Dako). Dead cells were excluded by propidium iodide (PI) staining. 35 
In Vitro Analysis of Viral Infection
Fluorescence-activated cell sorting (FACS) -purified CD133 + and CD133 2 cells were seeded at 8000 cells/ well in 24-well plates and cultured overnight before being treated with SVV-GFP at 2000 MOI for 48 hours. SVV-GFP infectivity was then determined through flow cytometry analysis in duplicate by examining the intracellular expression of GFP. Dead cells were excluded by PI staining and cell debris gated out using the forward high scatter setting.
Neurosphere Assay
Single-cell suspensions prepared from xenograft tumors were plated in clonal density (1500 cells/100 mL) and incubated in CSC medium consisting of Neurobasal media, N-2 and B-27 supplements (0.5× each; Invitrogen), and human recombinant bFGF and EGF (50 ng/mL each; R&D Systems), as well as penicillin G and streptomycin sulfate (1:100; Invitrogen), for 14 days. 34, 35 The suppression of neurosphere growth was examined with CCK8 assay.
In Vivo Treatment
SVV-001 (5 × 10 12 vp/kg) was diluted with PBS and administered through a single tail vein injection in 2 different MB models at 2 and 4 weeks, respectively, posttumor injection (n ¼ 10 per group). Body weights were monitored weekly as a surrogate indicator of SVV-001 systemic side effects. Mice that developed neurological deficits were euthanized and their brains removed for histopathological analysis. Mice receiving injection of PBS (n ¼ 10) were included as controls. To study the biological changes caused by SVV-001, we allowed the injected xenograft cells in a separate group to grow for 8 weeks to form tumors 8-12 mm in diameter before being treated with SVV-001 as described above. Mouse brains were then removed at 1, 2, and 6 days after virus injection and analyzed.
Immunohistochemical Staining
This was performed using a Vectastain Elite Kit (Vector Laboratories) as described previously. 37 Primary antibodies included mouse antibody to SVV-001 capsid protein (2A9) (1:200; Neotropix), human mitochondria (MT) (1:50; Abcom), LC3 (1:100), and caspase 3 (1:100; Santa Cruz). Antigen retrieval was performed in a pressure cooker in 0.03 M sodium citrate acid buffer. After the slides were incubated with primary antibodies, the appropriate biotinylated secondary antibodies (1:200) were applied, and the final signal was developed using the 3,3
′ -diaminobenzidine substrate kit for peroxidase.
Treatment with Autophagy Activator and Inhibitors
Tumor cells were plated in 96-well plates and pretreated with the autophagy activator rapamycin (10 mM; Sigma-Aldrich) and inhibitors, including 3MA (10 mM), vinblastine (10 ng/mL), pepstatin A (100 mM), and bafilomycin A1 (200 nM; Sigma-Aldrich), for 24 hours before SVV-001 at an MOI of 1 was added. Cell viabilities 
were checked with the cell-counting kit 7 days after SVV-001 treatment.
Western Hybridization
Primary cultured cells were treated with SVV-001, alone or in combination with 3MA (autophagy inhibitor) or rapamycin (autophagy activator), for 24 hours. Cell proteins were extracted and separated in a 4%-20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to polyvinylidene fluoride membrane using standard methods, and incubated with the following primary antibodies: LC3B (1:100), beclin (1:100), Atg5 (1:500), Atg7 (1:500), and Atg12 (1:500) (Cell Signaling), poly(ADP-ribose) polymerase (PARP) (1:500; Sigma), and caspase 3 (1:200; Santa Cruz). After the blots were incubated with enzyme-linked secondary antibody (horseradish peroxidase), chemiluminescent detection reagents (Amersham) were used to reveal results.
Quantitative Reverse Transcription-PCR
Quantitative analysis of extracellular viral production was performed with SYBR green master mix in an ABI 7000 DNA detection system (Applied Biosystems), as we described previously. 36 Complementary DNA was synthesized with MuLV reverse transcriptase (RT) and random hexamers (PerkinElmer) in a total volume of 20 mL from 5 mL of cell-free culture media. Primers for PCR amplification were designed to flank more than 1 exon (forward: 5 ′ -TGGTGGTCCTTAGAGGC AAG; backward: 5 ′ -AAATCTGGATCTGGGGGAAG). Expression levels of selected genes were normalized to the SVV-001 standard that contained 10 7 vector particles (vp) using the DD cycle threshold (Ct) method.
Statistical Analysis
In vitro cytotoxic effects and changes in viral production were analyzed through 1-way analysis of variance followed by pairwise multiple comparisons with the Tukey test; and differences in animal survival times were subjected to a log-rank analysis using SigmaStat (Systat Software). The data were plotted with SigmaPlot (Systat Software). P-values of ,.05 were considered statistically significant for all tests.
Results

SVV-001 Kills Primary Cultured MB Xenograft Tumor Cells
To determine if SVV-001 could infect and kill MB cells, we treated primary cultured xenograft cells derived from the 10 primary tumor-based orthotopic xenograft mouse models 35 with SVV-001 ranging from 0.3 to 66 MOI for 72 hours. A reduction in cell viability was detected in 5 of the 10 tumors, including 4 anaplastic MBs and 1 classic MB (Fig. 1A) . The minimum MOI of SVV-001 required to produce statistically significant growth suppression ranged from 0.3-0.4 (ICb-1299MB, ICb-1572MB, and ICb-1078MB) to 3.6-4.4 (ICb-984MB and ICb-1487MB). Proliferation of the remaining 5 tumors (1 classic MB model ICb-1192MB, 2 nodular MB models ICb-1338MB and ICb-1197MB, and 2 anaplastic MB models ICb-1494MB and ICb-1595MB) was not affected by SVV-001 (MOI: 25-50; Fig. 1A ). To examine whether the suppressed cell proliferation was the result of cell death, we used the MTT assay to directly visualize live cells in situ by microscopic examination of the blue intracellular crystal formation. A remarkable reduction in viable cells was observed in all the permissive but not the resistant tumor cells (Fig. 1B) .
SVV-001 Effectively Infects CD133
+ MB Cells
Given the critical roles of CSCs in therapy resistance and tumor recurrence, 8 -12 it is important to determine whether SVV-001 can eliminate MB stem cells. However, our understanding of CSCs in MB is incomplete, and there is currently no single marker that can reliably identify all the MB stem cells. Since CD133 has been successfully used to characterize and isolate at least a subpopulation of CSCs in MB, 3, 5, 35 we examined whether CD133
+ MB cells were equally susceptible to SVV-001 as the CD133 2 MB cells in the permissive models. We used SVV-GFP, the genetically modified SVV-001 that has a high particle-to-infectivity ratio compared with natural SVV-001 to infect FACS-purified CD133 + and CD133 2 cells derived from 5 orthotopic models that displayed different permissiveness. In the permissive models treated with SVV-001 for 48 hours, effective infection was observed in the CD133 + cells, resulting in 62.8% positivity in the ICb-1299MB, 23.4% in the ICb-1078MB, and more than 10% in the ICb-984MB; whereas in the resistant tumors (ICb-1494MB and ICb-1595MB), less than 5% SVV-GFP positivity was observed (P , .05; Fig. 2A and B) . The levels of SVV-GFP infectivity in the CD133 2 tumor cells were similar to those observed in the corresponding CD133 + cells (P . .05), with highlevel GFP positivity found in the permissive tumors and low positivity in the resistant models ( Fig. 2A and B) . These data showed that both CD133
+ MB stem cells and CD133
2 cells can be effectively infected by SVV-001, suggesting that the CSC status of CD133 + MB cells does not block the infectivity of SVV-GFP.
SVV-001 Kills CSCs and Consequently Prevents Neurosphere Formation
There is recent evidence suggesting that not all brain tumor CSCs are CD133 + . Other cell surface markers (such as CD15, CD44, and CD24) and phenotypic features, such as ALDH1, have also been associated with human CSCs. 38 -46 Therefore, demonstrating the infectivity of SVV-GFP on CD133
+ MB cells is necessary but may not be sufficient to prove that SVV-001 can kill all MB stem cells. We then utilized the neurosphere assay, a functional assay that is used to identify normal and cancerous stem cells by examining their exclusive capabilities of self-renewal regardless of the cell surface markers, 3, 5, 35 to examine whether SVV-001 can kill the MB cells that possess this critical feature of CSC. Freshly prepared single-cell suspensions derived from the 5 permissive models were plated at clonal density in the serum-free medium that favors the growth of CSCs 35 and treated with SVV-001 (0.5 -25 MOI). Compared with the mocktreated cells, in which the formation of neurospheres was evident by day 14, suppression or near complete prevention of neurospheres was observed in all 5 permissive models (P , .001) (Fig. 2C) . Further examination with an MTT assay confirmed the absence of viable cells in the residual neurospheres treated with SVV-001 (Fig. 2D) , and we were therefore unable to examine their capabilities of forming second and third generations of neurospheres. This result provided additional evidence to support the notion that SVV-001 is capable of targeting MB cells that exhibit critical stem cell features. (Fig. 3) . To enable comprehensive analysis of tumor/host responses, the whole mouse brains were serially sectioned and processed for histopathological analysis.
In both models, patches of positively stained tumor cells were detected 24 hours after SVV-001 injection. Within these patches, the infected tumor cells were mostly surrounding a blood vessel, indicating that the viruses entered tumor parenchyma from the blood supply. These patches expanded in a starburst pattern over time. In ICb-1299MB (Fig. 3B) , areas of the infected tumor cells started to merge by 48 hours, covering nearly half of the tumor masses; and the infected tumor cells began to show early signs of nuclear condensations. By day 6, the SVV-001 penetration extended from the tumor core into invasive and metastatic foci. Highly condensed or fragmented nuclei and pink cytoplasmic inclusions became clearly visible. In the ICb-1572MB model (Fig. 3C) , SVV-001's infection and penetration were even more potent. At 48 hours, more than 75% of the tumor cells in the core area and nearly all the cells in the invasive foci and cerebrospinal fluid spread were infected. Similar to those of ICb-1299MB, even the microinvasive satellites and infiltrating single tumor cells in the normal mouse brains in the ICb-1572MB xenografts were infected.
A Single i.v. Injection of SVV-001 Significantly Prolonged Animal Survival Times
To determine the therapeutic efficacy and establish preclinical rationale of SVV-001 for MBs, we examined the impact of i.v. injected SVV-001 on animal survival times in the 2 most aggressive anaplastic MBs (ICb-1299MB and ICb-1572MB) that were susceptible to SVV-001-induced cell killing in vitro. These 2 models are also shown to have replicated the histopathological, invasive growth, and genetic features of the original patient tumors and preserved the CD133 + CSCs in vivo (10% in ICb-1299MB [at passage 3] and 1.5% in ICb-1572MB [at passage 4]). 35 Mice receiving ICb engraftment of tumor cells (1 × 10 5 /mouse) from the same passage of these 2 permissive MBs were allowed to grow for 2 and 4 weeks to form small-sized ( 1 mm) and medium-sized (3-4 mm) tumors (determined on serial paraffin sections), 35 respectively, before being treated with a single tail vein injection of SVV-001 (5 × 10 12 vp/kg). This treatment significantly improved the survival in both models. For ICb-1299MB (Fig. 4A) , the survival fraction increased from 0% in the untreated group to 20% in both of the treated groups after 264 days of observation. The median survival time increased from 63.8 + 4.2 days in the saline-treated control group to 2.2 times longer (141.6 + 25.2 days) in mice bearing small tumors (P , .00001) and 2.9 times longer (187.9 + 20.3 days) in mice bearing medium-sized tumors (P , .001). For ICb-1572MB (Fig. 4A) , the survival fraction and times, which were 0% and 40.2 + 3.4 days in the untreated group, were 40% and 239 + 11.5 days (5.9-fold) in mice with small tumors (P , .00001), and 20% and 159.3 + 22.9 days (3.96-fold) in mice with medium-sized tumors (P , .0001). Survival times in mice with small vs medium-sized tumors were not significantly different in the ICb-1299MB model (P ¼ .447), whereas mice bearing small ICb-1572MB tumors survived longer (P , .05) than their counterparts bearing larger tumors, suggesting that the impact of tumor size on responsiveness is variable.
SVV-001 Eliminates Preformed MB Xenograft Tumors In Vivo
The CSC theory suggested that CSCs have to be eradicated for a cure. 12, 13 Therefore, complete eradiation of preformed xenograft tumors that are known to have preserved human CSCs should serve as a critical and reliable, albeit indirect, indicator of CSC elimination. This is particularly important for MBs, since our understanding of MB stem cells is still incomplete and not all MB markers have been properly defined. To determine whether SVV-001 completely eliminated preformed MB xenografts, we analyzed serial sections of paraffin-embedded whole mouse brains of the 10 longterm survivors that were euthanized at day 264. Only the 2 ICb-1299MB mice bearing medium-sized xenografts at treatment were found to have small-sized ( 2.5 mm) and medium-sized (4 mm) residual tumors (Fig. 4B) . In the remaining 8 mice, no residual tumor was detected (Fig. 4B) . Signs of disturbed granular layer cells, which are indicative of previous injection or tumor growth, and some micronodules of foamy cells with a condensed nucleus and vacant cytoplasm were found (Fig. 4C) . IHC using human-specific antibodies to mitochondria did not detect positive cells in the 8 xenografts (Fig. 5C ), providing direct evidence of complete tumor elimination.
SVV-001 -Induced Cell Killing Is Restricted to MB Tumor Cells
Previous studies have shown that none of the 17 normal primary human cells, including fetal cortical neurons and adult astrocytes, were infected when exposed to high MOI (.10 000). 29 To examine the toxicity of SVV-001 to RAG2/SCID mice, we monitored animal body weights weekly for 8 weeks and examined the mice daily for signs of sickness, including slow movement and hunched postures. Despite some variations, none of the mice was found to have lost more than 20% of its body weight. Further histopathological examination of mouse brains showed that SVV-001 did not infect any adjacent cerebellar granular neurons or glial cells or cells in the cerebral grey or white matter. Viral capsid proteins were also absent in the ventricles, blood vessels, and tumor-free subarachnoid spaces (Figs 3 and 4) , indicating that SVV-001 selectively infects human MBs while sparing normal mouse brain cells.
SVV-001 Viruses Activated Autophagy Both In Vitro and In Vivo
Cellular autophagy has been hypothesized to mediate viral replication for several positive-stranded RNA viruses. 47, 48 To determine whether SVV-001 activated autophagy, we examined the changes of an autophagy marker (LC3B) and key autophagy regulators (beclin, the Atg5/Atg12 conjugate, and Atg7) in vitro in cells derived from 1 resistant and 1 permissive MB xenograft model (Fig. 5A) . Western hybridization showed that exposure to SVV-001 at 25 MOI for 24 hours induced the conversion of LC3B from type I to type II in the permissive model ICb-1299MB, but not in the resistant model (ICb-1595MB (Fig. 5B ) in which the autophagy activator rapamycin successfully converted LC3B from type I to type II (Fig. 5B ). In the permissive cells, expression of beclin, Atg5/Atg12, and Atg7 were not altered, whereas in the resistant cells, increased Atg12 alone was observed. We then determined whether SVV-001 also activated autophagy in vivo by examining the expression of the autophagy marker LC3 in the 2 MB xenografts (ICb-1299MB and ICb-1572MB) 48 hours after SVV-001 intravenous injection (Fig. 5C) . In both models, the expression pattern of LC3B closely mirrored that of the SVV-001 capsid protein expression: the strongest staining was found in the front edge of infected cells of ICb-1299MB and in islands of strong positive cells of ICb-1572MB. The noninfected tumor cells were negative (Fig. 5C ), suggesting that SVV-001 replication and subsequent cell killing were mediated through the induction of autophagy.
To examine whether apoptosis also played a role, we reprobed the same western blots with antibodies to PARP and caspase 3 (Fig. 5B) . Although SVV-001 induced cleavage of PARP in the resistant tumor ICb-1595MB, it failed to exert a similar effect in any of the permissive models. There were, however, low levels of cleaved caspase 3 in the ICb-1299MB tumor cells (Fig. 5B ). In agreement with this finding, immunostaining on SVV-001-treated xenograft tumors in vivo revealed only scattered caspase 3-positive cells in ICb-1299MB and ICb-1572MB xenograft tumors 48 hours post-SVV-001 treatment, suggesting that apoptosis may not have played a major role.
Inhibition of Autophagy-Protected Permissive MB Stem Cells by Suppressing SVV-001 Replication
To further confirm the role of autophagy in SVV-001-induced cell killing, we applied the autophagy activator rapamycin and various inhibitors 49 to preformed neurospheres derived from 2 permissive (ICb-1299MB and ICb-1078MB) and 2 resistant MB xenograft models (ICb-1595MB and ICb-1494MB). The cell viability was examined 7 days post-SVV-001 (MOI of 1) infection to give the viruses more than enough time to infect and kill the target cells. In the 2 permissive models, treatment with autophagy inhibitors targeting sequestration (3MA), lysosomal fusion (vinblastine), and lysosomal enzymes (pepstatin A) significantly protected the MB stem cells from SVV-001-induced killing, though bafilomycine A1, an inhibitor of a vacuolar-type ATPase that inhibits the formation of autolysosome, failed to block the cell-killing effects of SVV-001 (Fig. 5D ). In the 2 resistant models, addition of 3MA and vinblastine did not provide the similar protection but caused reduced cell viability, particularly in ICb-1595MB (Fig. 5D ).
Since treatment with the autophagy activator rapamycin did not sensitize resistant cells to SVV-001 and had little effect on the permissive models (Fig. 5B) , we reasoned that SVV-001 activates autophagy to complete its intracellular replication rather than relying on autophagy to kill the target cells. To test this hypothesis, we utilized quantitative RT -PCR to quantitate the total viral particles (dead and live) that were released into culture media in the 2 permissive and 2 resistant models. The cells were treated with SVV-001 (MOI of 1) and/or autophagy activator/inhibitors as described above for 7 days without passaging, so that the viruses had sufficient time to lyse the infected tumor cells after intracellular replication and to release the progeny virons into the culture media. Our results showed that viral particles of SVV-001 in the culture media of permissive models (ICb-1078MB and ICb-1299MB) were significantly higher than those in the resistant models (ICb-1494MB and ICb-1595MB) (P , .001) and that treatment with autophagy inhibitors (3MA, vinblastine, pepstatin A, and bafilomycine A1) for 7 days significantly suppressed the viral yields in all 4 models, though the effects were much more prominent in the permissive tumors than in the resistant models (P , .05) (Fig. 5D) . Moreover, we observed a reverse correlation between the decrease in viral production and the increase in cell viability in the 2 permissive models (r ¼ 2.51 and 2.82 in ICb-1078MB and ICb-1299MB, respectively), further supporting the role of autophagy in SVV-001 replication.
Rapamycin Did Not Sensitize the Resistant MB Cells to SVV-001
Rapamycin, an inhibitor of mTOR, was shown to enhance the oncolytic activity of myxoma virus and increase coxsakie virus replication. 21, 50 Since it also activates cellular autophagy, we set to examine if rapamycin enhances the cell killing and intracellular replication of SVV-001 in MBs, particularly in the resistant cells. In vitro treatment with rapamycin (10 nM) for 24 hours resulted in the conversion of LC3B from type I to type II in both the permissive (ICb-1299MB) and the resistant (ICb-1595MB) cells (Fig. 5B) , indicating that rapamycin indeed activated the cellular autophagy in these cells. Combining rapamycin with SVV-001, however, did not enhance its cell-killing effects or increase extracellular viral production (Fig. 5D ). Since rapamycin alone significantly suppressed cell proliferation in the permissive ICb-1078MB (.80%) and the resistant ICb-1494MB (.75%) (P , .001), models the less viable cells appeared to have partially played a role in the low-level viral production. In the remaining 2 models, the permissive ICb-1299MB and the resistant ICb-1595MB, the suppressive effects of rapamycin on cell proliferation were minimal. Still the viral productions were not increased (Fig. 5D) , suggesting that rapamycin cannot be used to increase the responsiveness of MB cells toward SVV-001. Although the detailed mechanism of intracellular replication of SVV-001 remains elusive, previous studies have shown that some RNA viruses, such as poliovirus and rhinovirus, subvert the components of the autophagy machinery for viral replication by using the surface of double-membraned cytoplasm as the site of viral RNA replication. 51 Since autophagy can serve in the innate immune response to microorganisms, our finding that rapamycin did not increase SVV-001 replication suggests that the activated autophagy by rapamycin in our MB models was not identical to that induced by SVV-001, and the rapamycin-activated autophagy may have interfered with the autophagic component(s) that are needed by SVV-001 for intracellular replication.
Discussion
Here, we show that the oncolytic picornavirus SVV-001 possesses strong antitumor activities against human MBs. We demonstrated that SVV-001 infected and killed MB cells, including the CD133 + cells and the cells that can form neurospheres, in vitro. More importantly, we demonstrated that a single tail vein injection of SVV-001 can pass through BBB and eliminate pre-established MB xenografts in vivo, leading to longterm tumor-free survival in a subset of primary tumorbased orthotopic mouse models. Our mechanistic study further showed that SVV-001 activated autophagy, albeit not identical to that triggered by the known autophagy activator rapamycin, for intracellular replication.
Since our data were obtained through a relatively large panel of primary tumor-based xenograft models that have been shown to faithfully reproduce genetic and clinical phenotypes of the original MBs, 35 our results may have a high clinical predictive value. The high (67%) response rate in anaplastic MB models suggests that this group of MBs, which are biologically more aggressive than classic and desmoplastic subtypes, may be an appropriate histological subtype to be prioritized for future clinical trials. Indeed, our results showed that the systemically administered SVV-001 effectively infected not only the tumor cells in the core area of tumor mass, but also the microscopic invasive cells and metastatic foci. Such characteristics, which have rarely been described before, represent a significant advantage of SVV-001 in targeting highly invasive/ metastatic brain tumors.
In addition to killing differentiated MB xenograft cells as observed in the primary cultures, our study also suggested that the eradication of MB stem cells by SVV-001 might have played a role in the elimination of orthotopic xenograft tumors. We first showed that SVV-001 effectively infected CD133 + MB cells. We and others have shown that the CD133 + MB cells possess key stem cell features, including self-renewal and multilineage differentiation, and have participated in the formation of serially transplantable xenografts. 3, 5, 35 Although recent studies have indicated that not all brain tumor stem cells are CD133 + , and new markers such as CD15 have been described, 38, 41, 52, 53 there is no report disqualifying CD133 as a marker for at least a subpopulation of brain tumor stem cells. Recognizing the limitations of cell surface markers for CSCs, we subsequently validated SVV-001's cell-killing activities against MB stem cells in the neurosphere assay. 54, 55 Because this assay examines the in vitro self-renewal capacity, which is one of the most important features of CSCs, inhibition of neurosphere formation of MB cells in the serum-free medium supplemented with EGF and bFGF, which is shown to favor the growth of CSCs, 3, 55 provided additional evidence to demonstrate the cell-killing activity of SVV-001 against MB stem cells. The final and most important support was provided by our in vivo finding that SVV-001 eliminated the preformed xenograft tumors in a subset of treated animals. Since the surviving mice were monitored for 264 days and the mock-treated mice all died within 90 and 60 days in ICb-1299MB and ICb-1572MB, respectively, it is reasonable to believe that the chance of tumor recurrence is minimal. Because CSCs have to be eliminated for a cure, 12,13 the long-term tumor-free survival provided strong preclinical evidence to demonstrate that SVV-001 has successfully eliminated not only CD133
+ MB stem cells but also other CSCs that may not be CD133 + as well.
Autophagy is a cellular degradation pathway for the clearance of damaged or superfluous proteins and organelles. 56 It has also been shown to act as a defense mechanism against certain viruses. 57 -59 In this study, we showed that SVV-001 induced conversion of LC3B from type I to type II, which is a marker of autophagy activation, and inhibition of autophagy protected MB cells from SVV-001 induced cell killing and reduced extracellular viral production. However, unlike adenovirus Delta-24-RGD, which induced upregulation of the Atg12/Atg5 complex in glioma stem cells, 24 SVV-001 did not alter the protein expression of Atg5/ Atg12 or Atg7. This observation, combined with the fact that the autophagy activator rapamycin failed to increase SVV-001 replication in MB cells, seems to suggest that the autophagic machinery used by SVV-001 is not identical to bona fide autophagy. 48 The added activation of autophagy by rapamycin may have disturbed the autophagic process that is needed by SVV-001. Several other RNA viruses, such as influenza A virus 60 and poliovirus, 61 were shown to utilize membranes derived from the autophagic pathway to aid viral replication. It remains to be determined, however, whether SVV-001 depends on specific types or phases of autophagic membrane formation for viral production in MBs. Since low levels of caspase 3 activation and PARP cleavage were observed in the permissive cells, apoptosis does not appear to play a major role in SVV-001 -induced cell killing.
The molecular mechanisms mediating the permissiveness of MB cells toward SVV-001 remain unknown. Although it is hypothesized that SVV-001 infects target cells through binding to cell surface receptors, 29 the complex mechanisms of oncolytic virotherapy elucidated to date suggest that identification of cellular surface markers predictive of clinical responses remains a significant challenge. 62 Therefore, testing a patient's resected MB specimen ex vivo, which takes only 3-7 days to complete, may provide critical information about its responsiveness to SVV-001. The strong correlation between in vitro and in vivo effects in our model system indicates that such an ex vivo approach may enable the preselection of cases appropriate for SVV-001 therapy.
One of the limitations of our current study is that the antitumor efficacy of SVV-001 was evaluated in immunodeficient animals. Therefore, potential additive or subtractive effects of host immune and inflammatory responses cannot be evaluated. Since SVV-001 viruses are replication competent and have a short replication cycle (,12 hours), it has the potential of producing effective cell killing before being cleared or neutralized by host immune responses. Previous studies have shown that SVV-001 -specific antibodies usually did not become detectable until after 8 days after exposure in rodents and approximately 11 days in humans, but intratumoral replication of SVV-001 persisted for up to 14 days, despite high antibody titers, presumably as a result of sustained cell-to-cell infections that evaded circulating antibodies. 29 Recent studies have also shown that host immune mechanisms may also contribute to tumor eradication following administration of oncolytic viruses. 27, 63 Therefore, an intact host immune response may not necessarily interfere with SVV-001's infection and/or eradication of MB or other central nervous system tumors.
In summary, our data demonstrated the potent antitumor activities of SVV-001 against the pediatric brain tumor MB. We showed that SVV-001 can pass through the BBB and simultaneously eradicate both nonstem and stem MB cells to cause long-term tumorfree survival in patient-derived orthotopic xenograft mouse models. These findings suggest that SVV-001 is well suited to eliminate MBs and should be prioritized for the initiation of clinical trials. The capability of oncolytic viruses in targeting CSCs along with nonstem tumor cells may potentially be applied as a generalized therapeutic strategy to safely and effectively eliminate human cancers so as to significantly improve clinical outcomes.
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